Previous studies have considered synchrotron as the emission mechanism for prompt Gamma-Ray Bursts (GRBs). These works have shown that the electrons must cool on a timescale comparable to the dynamic time at the source in order to satisfy spectral constraints while maintaining high radiative efficiency. We focus on conditions where synchrotron cooling is balanced by a continuous source of heating, and in which these constraints are naturally satisfied. Assuming that a majority of the electrons in the emitting region are contributing to the observed peak, we find that the energy per electron has to be E 20 GeV and that the Lorentz factor of the emitting material has to be very large 10 3 Γ em 10 4 , well in excess of the bulk Lorentz factor of the jet inferred from GRB afterglows. A number of independent constraints then indicate that the emitters must be moving relativistically, with Γ ≈ 10, relative to the bulk frame of the jet and that the jet must be highly magnetized upstream of the emission region, σ up 30. The emission radius is also strongly constrained in this model to R 10 16 cm. These values are consistent with magnetic jet models where the dissipation is driven by magnetic reconnection that takes place far away from the base of the jet.
INTRODUCTION
The recent discovery of a short gamma-ray burst (GRB) associated with a gravitational-wave event from a binary neutron star merger (e.g., Abbott et al. 2017 ) has sparked renewed interest in these fascinating phenomena. GRBs have been studied for decades and great progress has been made in understanding them (see, e.g., Kumar & Zhang 2015 for a recent review). However, a general consensus on the prompt variable gamma-ray generation mechanism in GRBs has not been reached. This issue continues to be of utmost importance, especially as we enter the era of multi-messenger astronomy with the discovery of more gravitational-wave signals. Reaching a complete picture of the particular systems that produce a GRB in connection with gravitational-wave signals will only be reached once the issue of the GRB prompt emission is settled.
The non-thermal quality of the prompt GRB emission spectrum naturally suggests that the radiation is produced by synchrotron emission from a power-law distribution of electrons (e.g., Katz 1994; Rees & Meszaros 1994; Sari, Narayan & Piran 1996) . However, the synchrotron mechanism faces the well-known "line of death" problem (e.g., Preece et al. 1998 ) observed in many bursts (e.g., Preece et al. 2000; Ghirlanda, Celotti & Ghisellini 2002; Kaneko et al. 2006; Nava et al. 2011) . Namely, in the majority of bursts, the measured low-energy spectral slope is significantly harder than expected for synchrotron in the fast cooling regime (which is the expected cooling regime in prompt GRBs). A fast cooling synchrotron slope would also overproduce optical and X-ray emission as compared with upper limits from observations during the prompt phase (Beniamini & Piran 2014) . Furthermore, in almost half of the cases, the observed low-energy spectral slope is even harder than the slow cooling spectral slope, where F ν ∝ ν 1/3 . Nevertheless, the large energy coverage of the Fermi and Swift satellites have allowed for broad time-dependent spectral analysis of GRB prompt emission and a more comprehensive understanding in which the synchrotron mechanism might not be ruled out (e.g., Guiriec et al. 2015; Burgess 2017; Oganesyan et al. 2017a,b; Ravasio et al. 2017) .
GRB models in which the radiation is produced at or close to the photosphere, are a natural way of producing harder spectra (e.g., Goodman 1986; Thompson 1994; Mészáros & Rees 2000; Giannios 2006; Pe'er, Mészáros & Rees 2006; Beloborodov 2010; Lazzati & Begelman 2010; Ryde et al. 2010; Giannios 2012; Pe'er et al. 2012; Pe'er 2015) . These models may also include a significant synchrotron component ) which due to the small radius of the emitting region, could become selfabsorbed near the X-ray band and thus be consistent with the upper limits on the prompt optical and X-rays. The main concern however with all of these models has to do with reproducing the observed variability of GRB light-curves For R ≈ R ph 10 13 cm, the typical dynamical time-scale is expected to be t dyn = R/2cΓ 2 0.01 s, almost two orders of magnitude smaller than the observed variability (e.g., Fishman & Meegan 1995; Norris et al. 1996; Quilligan et al. 2002) . The variability and temporal evolution in these models must then be provided by the central engine activity or the propagation of the jet through the stellar envelope. An additional concern has to do with the "early steep decay" radiation observed at the end of the prompt phase in many GRBs (e.g, Tagliaferri et al. 2005) , where the X-ray luminosity of the burst is seen to decline as a power-law with a decay index between 3 to 5. This decline is naturally accounted for when t dyn ≈ t v by a purely geometrical effect, high-latitude emission (Kumar & Panaitescu 2000) . Of course, shallower declines are also possible, if the timescale for the shutting down of the engine and/or the dissipation process are long enough (Barniol Duran & Kumar 2009; Fan & Wei 2005) 1 . Instead, for photospheric-like models, the high latitude emission decays too fast (t dyn t GRB ) and the early steep decline must be produced by the shutting down of the central engine, by the dissipation process, or by some combination of the two. As shown by Beniamini, Giannios & Metzger (2017) , at least in the case of magnetar central engines, where more robust predictions can be made, this does not seem to occur naturally.
In this paper we focus on the synchrotron mechanism as the origin of the variable prompt γ-ray emission in GRBs. We revisit it by obtaining several general constraints on any synchrotron GRB model based on typical observed properties of the prompt emission of GRBs. We focus on "marginally fast cooling" conditions (Daigne, Bošnjak & Dubus 2011) that can allow for a hard low-energy spectral slope, while maintaining high efficiency. By marginal fast cooling we mean that electrons cool on a timescale similar to the dynamical time at the source. This paper partially follows the work of Kumar & McMahon (2008) ; Beniamini & Piran (2013 and we recover many of their results. However, we make use of results of particle-in-cell (PIC) simulations (Sironi & Spitkovsky 2014; Kagan et al. 2015; Guo et al. 2015; Sironi, Keshet & Lemoine 2015; Sironi, Petropoulou & Giannios 2015; Werner et al. 2016 ) to guide our efforts. In particular, as these studies show that a significant fraction of particles are expected to be accelerated to large energies in both shocks and reconnection, we can strongly limit the energy per particle at the emitting region, and strongly disfavour non-magnetic jets as the origin of 1 In fact, declines that are more rapid than the regular highlatitude emission are also possible if the prompt radiation is anisotropic in the co-moving frame (Barniol Duran, Leng & Giannios 2016; Beniamini & Granot 2016) . the required emission. Furthermore, as PIC simulations of highly magnetized dissipation regions show that the emitting plasmoids may exhibit relativistic motions compared to the bulk frame of the jet (the jet co-moving frame), we relax the assumption made in previous studies that the emitters' Lorentz factor (LF) equals the bulk LF. Indeed we find that Γ em > Γ b , i.e. some relativistic motion of the emitters, relative to the bulk frame, is necessary under these conditions. The paper is organized as follows. In §2 we discuss general constraints on the required conditions for synchrotron to account for the prompt emission, in terms of the energy per particle, the cooling regime, implications on the jet composition and LF of the emitting material and the contribution of Inverse Compton. Motivated by our results in this section, we turn in §3 to discuss magnetic reconnection models. In these models, the allowed parameter range is further constrained and, given the large required values of the magnetization upstream of the emitting region, the particle spectra may become harder than dN/dγ ∝ γ −2 . Nonetheless, selfconsistent solutions that satisfy all the observational constraints are still available. In §4 we explore a variant of the basic model, and also provide a general discussion of the spectral shape and compare our results with previous studies. We present our conclusions in §5.
GENERAL CONSTRAINTS
Let us consider some general constraints on the synchrotron emission mechanism in the context of the prompt emission of GRBs. We assume that the energy available per electron is E, and that the thermal (or random) LF of these electrons is given by
where E GeV is the energy in units GeV, m e is the electron mass and c is the speed of light. We initially focus on two extreme situations. First, we consider the instantaneous injection of this energy to the electrons. Second, we consider a simple model in which electrons receive this energy continuously over a dynamical time: the "slow heating" model. We note that when referring to the thermal (or random) LF of the electrons relative to the emitting region we will use γ, whereas the emitting region is assumed to be moving at a LF Γ em towards the observer.
Instantaneous injection
We assume here that electrons are accelerated instantaneously by some mechanism (e.g., "one-shot" shock acceleration). Both relativistic shocks and magnetic reconnection can accelerate particles "instantaneously" (i.e. over a time-scale much shorter than the dynamical time) and over a broad range of LFs. In shocks, the power-law index of the particles' LF distribution is typically expected to be p > 2 (e.g., Heavens & Drury 1988; Bednarz & Ostrowski 1998; Achterberg et al. 2001) . This leads to a distribution in which the minimal value of γ dominates both the total energy stored in the electrons (which scales as E tot ∝ γ 2−p ) and their overall number (which scales as N tot ∝ γ 1−p ). The same holds true also for magnetic reconnection models with σ 10 (e.g., Cerutti et al. 2012; Sironi & Spitkovsky 2014; Guo et al. 2014; Melzani et al. 2014 ). Here we explore instantaneous acceleration with p > 2. We turn to more gradual heating models in §2.2 and to models with p < 2 in §3.2.
Under these assumptions, each electron gains an energy E and therefore its instantaneously attained LF is
given by equation (1). For general acceleration mechanisms (i.e., not necessarily instantaneous), this will serve as an upper limit on the LF that electrons can achieve for a given energy per particle, E. Electrons with LF γ i in a co-moving magnetic field strength B em radiate via the synchrotron process at a characteristic energy given by
Observationally, the peak of the GRB in the source frame is approximately ν p ∼ 300 keV (e.g., Preece et al. 2000; Kaneko et al. 2006; Nava et al. 2011) . Furthermore compactness arguments show that Γ em ≥ 100 (e.g, Fenimore, Epstein & Ho 1993; Woods & Loeb 1995; Lithwick & Sari 2001) . With these constraints, the magnetic field is B em ≈ 2.6 × 10 11 ν p,5.5
where we made use of equation (2) and ν p,5.5 is the (source frame) peak frequency in units of 300 keV. We have adopted here the usual convention (Q n = Q/(10 n cgs)). The (source frame) variability time of a single pulse in the GRB prompt emission light curve is of the order of t v ∼ 0.5 s (e.g., Fishman & Meegan 1995; Norris et al. 1996; Quilligan et al. 2002) . The cooling LF is defined as the LF for which the synchrotron cooling time is equal to the dynamical time. Here, the dynamical time in the co-moving frame is t v ∼ t v Γ em and thus
Comparing γ c with γ i we find
Synchrotron models for prompt GRBs require that γ c /γ i ≈ 1. This is because γ i γ c is needed in order to account for the large observed efficiency of GRBs (e.g., Fan & Piran 2006; Beniamini et al. 2015; Beniamini, Nava & Piran 2016) , while γ c γ i is needed in order to avoid a lowenergy spectral slope that is too soft as compared with observations, i.e the "line of death" problem (e.g., Preece et al. 2000; Ghirlanda, Celotti & Ghisellini 2002; Kaneko et al. 2006; Nava et al. 2011) , and an excess of X-ray and optical emission as compared with observational limits (Beniamini & Piran 2014) . While this can be achieved for some choice of Γ em , E GeV (see purple region in figure 2 and also Daigne, Bošnjak & Dubus 2011; Beniamini & Piran 2013) , it is not clear why this would be the case in most GRBs. This issue could be resolved in a slow heating scenario, since particles maintain their energy (and thus emitting frequency) over a long time and therefore the fast cooling spectrum and excess low-energy emission can be avoided. Various studies have considered such continuous acceleration models in the past (e.g., Ghisellini & Celotti 1999; Giannios & Spruit 2005; Kumar & McMahon 2008; Asano & Terasawa 2009; Fan 2010; Daigne, Bošnjak & Dubus 2011; Beniamini & Piran 2014 ; see also discussion in §4.3). In what follows, we reconsider this possibility in a slightly different context.
Slow heating
In the opposite extreme case, instead of being accelerated instantaneously, particles could be heated "slowly" over a dynamical time. In this case, the heating rate is
The last expression assumes that all the particles are heated throughout the entirety of the dynamical time. In §4.1 we explore the possibility of acceleration over a shorter timescale, in §2.3 we explore the possibility of multiple acceleration episodes, and in §3.2, we explore models with p < 2, in which effectively only a selective fraction of particles are heated. As they are heated, particles also cool via the synchrotron process with a cooling rate that is given by
where γ s is their electron LF. The last expression was obtained using equation (4), therefore, it incorporates the constraint on the observed synchrotron peak energy. We now set the cooling rate equal to the heating rate h = c and find
Given that γ e is the LF that corresponds to the energy available per electron (and also the LF attained in the instantaneous injection case, γ i ), the true electron LF in the slow heating case cannot be larger than γ i (see §2.1). Since γ e ∝ E while γ s ∝ E −1/2 , there is a minimum 'transition' energy, E tr , for which γ s ≤ γ e and slow heating solutions become available. E tr and its corresponding (maximal) LF, γ tr , are
which weakly depend on the observables and Γ em (in §2.7 we provide slightly revised versions of these equations, taking into account our constraints on Γ em , derived in §2.5). In figure 1 we present the electrons LF in the instantaneous injection case (equation (1)) and in the slow heating case (equation (9)). When E = E tr the cooling LF, defined in equation (5), is γ c = γ tr (see figure 2 ). The reason is that at E tr , by definition, γ s = γ i , and since equation (9) both (i) incorporates the constraint on the observed peak synchrotron energy (equation Figure 1 . The typical LF of the electrons radiating at the observed peak synchrotron energy, γ peak , versus the available energy per electron, E. Both the instantaneous and the slow heating cases are shown. All solutions must satisfy γ peak ≤ γ i or else they would require a LF larger than allowed by the available energy per electron. In particular, slow heating solutions are not available below E tr . Similarly, no self-consistent solutions are available for γ peak > γ s (see §2.3). Below the slow heating line, electrons are fast cooling due to synchrotron radiation. Viable synchrotron models for the GRB emission lie close to the solid "slow heating" line, where electrons are only marginally fast cooling.
(4)), and (ii) assumes that heating occurs in a dynamical time, then it follows that γ c = γ i and thus γ c = γ s = γ tr , when E = E tr .
Intermediate regime
Consider now the intermediate regime between instantaneous acceleration and continuous heating. In this regime the particles can be thought of as having undergone f > 1 acceleration episodes, with each acceleration boosting them to a LF
This allows for solutions characterized by a LF smaller than γ e , but without necessarily invoking continuous acceleration (see grey lines in figure 2 ). The shorter time between consecutive acceleration episodes effectively reduces the available cooling time by a factor f and thus increases γ c by the same factor (Kumar & McMahon 2008; Beniamini & Piran 2014) as compared with equation (5). Below, we examine the allowed parameter space and implications corresponding to solutions with f ≥ 1. Consider first the case in which electrons are fast cooling. In this case the peak of the synchrotron spectrum is produced by electrons withγ i . Since γ c ∝ B em (γ peak ) −2 ∝ γ 4 peak and since when γ peak = γ s we have γ c = γ s (see §2.2), we can re-write equation (5) as a scaling relation γ c = (γ peak /γ s ) 4 γ s . It follows that
Therefore, solutions with γ peak =γ i < γ s are strongly fast cooling, even when the acceleration is done in multiple episodes. Forγ i = γ s , electrons radiating at the peak become slow cooling, i.e.γ i = γ peak = γ s = γ c . At these conditions equation (1) no longer directly constrains the minimum injected LF, γ m , as electrons with γ c carry more energy overall than those with γ m (assuming the slope of the electrons' injected number spectrum, dN/dγ ∝ γ −p , is p < 3). Therefore solutions withγ i = γ s can be either marginally fast or slow cooling. Nonetheless, strongly slow cooling solutions are disfavoured as the radiative efficiency of the GRB is reduced significantly at those conditions (the efficiency scales as (γ c /γ m ) 2−p < 1), while GRB observations show that the radiative efficiency of GRBs must be large. Notice that solutions withγ i = γ peak > γ s are impossible. This is because: (a) No fast cooling solutions exist in this regime (if γ peak > γ s then it is not possible to have γ c < γ peak , see equation (13)), (b) For slow cooling:
while as shown above, slow cooling requires γ c = γ s . Combining these two relations we haveγ i < γ s contrary to our initial assumption. Thus, no solutions exist with γ peak > γ s . In particular, this implies that γ tr is the largest allowed value of the electrons' LF (see figure 1 ) and correspondingly B em (γ tr ) is the lowest allowed value of the magnetic field. Figure 2 depicts the value of γ c /γ in the γ − E plane. Allowed solutions correspond to γ peak ≤ γ s , for which electrons are fast (or at best, marginally fast) cooling. We define here the marginally fast cooling regime as 0.1 < γ c /γ i < 1 (shown as a purple region in figure 2 ). This is in accord with recent observational results suggesting a synchrotron cooling break with ν p /ν c ≈ 5 − 80 (Oganesyan et al. 2017a) . Since for γ i γ c the GRB spectrum is in strong contradiction with observations ('fast cooling line of death'), we focus on the marginally fast cooling solutions (Daigne, Bošnjak & Dubus 2011) withγ i ≈ γ c , which implies γ peak ≈ γ s .
Implications for the jet's composition
The initial energy per baryon in the jet, η, can be related to E Γ em /(m p c 2 ), leading to η ≈ 110Γ em,2 E GeV , and demonstrating that large initial amounts of energy per baryon are required (given that E > E tr ); see equation (10). Notice that the lower limits become even larger, by a factor of m p /m e , for a pair dominated outflow. In §2.5, we show that the observed luminosity implies that the LF of the emitting material must be very large, Γ em ≈ 1.8 × 10 4 E −1/3 GeV , resulting in even larger energies per baryon at the base of the jet η ≈ 2 × 10 4 E 2/3 GeV . At the emission region, the energy per particle in the co-moving frame depends on the nature of the jet (baryonic or Poynting flux). For a baryonic jet in which dissipation proceeds through internal shocks we expect E = e gm p c 2 GeV (where e ≤ 1 is the fraction of the total energy that goes to accelerating electrons and g ∼ 2 − 3 is a numerical factor that depends on the relative LF of the colliding shells). However, as shown above, this leads to strongly fast cooling conditions with γ c /γ i 10 −5 . This in turn translates to a spectral slope that is in stark contradiction with observations. The large required values of E, suggest that the jet must be magnetically dominated. Assuming that the magnetic energy can be efficiently dissipated at the emitting region, E is related to the magnetization of the jet in the upstream of the radiation zone, σ up = B 2 b /4ρ c 2 (where . log 10 (γ c /γ) as implied by the association ν p = ν(max(γ, γ c )). Self consistent solutions are only available when ν p = ν(γ), i.e. when electrons are fast cooling. Grey lines depict the injected LF of typical electrons, given that they are accelerated f times within t v . Marginally fast cooling solutions require γ ≈ γ s . Below this line, the spectrum is in strong contradiction with observations. The purple shaded region depicts the allowed parameter space for marginally fast cooling synchrotron solutions (taken here as 0.1 < γ c /γ i < 1). The upper limit on E GeV arises from the requirement that IC is sub-dominant as compared with synchrotron (see §2.6).
B b is the magnetic field, and ρ is the matter density, both measured in the bulk frame):
where e,0.2 = e /0.2. Assuming e ≈ 0.2, this means that σ up 100 is required in order to have E 20 GeV, as needed to account for marginally fast cooling solutions (see equation (10) and also equation (27) below).
Therefore, marginally fast cooling synchrotron implies jets that have both a very large amount of energy per baryon at their base, and just before the emission zone.
Observed Luminosity -Determining the Lorentz factor of the emitting material
The observed isotropic equivalent luminosity of GRBs, L rad ≈ 10 52 erg s −1 introduces a constraint on the Lorentz factor of the emitting material, Γ em . We focus here on emitting regions that are quasi spherical in the co-moving frame.
In appendix A we show that the conclusion regarding the LF of the emitting material holds also for planar geometry, as applicable for instance to internal shock models. Consider a spherical emitting region in the co-moving frame. In its own frame, the emitting region grows with time at a speed v g < c. The region grows over the dynamical time-scale, which is observationally related to the variability time-scale t v . In marginally fast cooling conditions, the radiated energy, is proportional to the energy of electrons in this volume. As usual, we denote by e , B the fractions of the dissipated energy deposited in electrons and magnetic fields respectively. In the co-moving frame, the emission lasts over a period t v = Γ em t v . The observed luminosity is then
where e e ≡ e B B 2 em 4π is the co-moving energy density in electrons. Using the magnetic field implied by the condition of marginally fast cooling B em = B em (γ = γ s ), we get an estimate of the Lorentz Factor:
where v g,.3c ≡ v g /0.3c. Interestingly the dependence on the observed parameters, and on B / e is very weak. Efficiency consideration imply 10 −2 < B / e < 10 ( e has to be large enough to tap a significant of energy from the electrons, while B cannot be too small in order to avoid most of this energy being deposited in an unobserved SSC component, see equation (25) in §2.6 and Beniamini & Piran 2013). We find that even for weakly magnetized jets, unless E GeV > 10 3 , the LF of the emitting material is Γ em 700, which is incompatible with estimates of the jet's bulk LF of typical bursts, as obtained for instance by early afterglow peaks (e.g., Liang et al. 2010; Lü et al. 2012; Ghirlanda et al. 2012) . We note however that this derivation does not explicitly assume that Γ em is the bulk Lorentz factor, Γ b . In fact, this consideration shows that Γ em Γ b . Thus, marginally fast cooling requires relativistic motions in the bulk frame.
A lower limit on the emission radius arises from requiring that the emitting blob has sufficient time to grow, i.e., from requiring that the co-moving expansion time t exp = R/cΓ b of the shell is larger than t v , the lifetime of the emitting region. This leads to
B e 1/6 cm.
Using the value of E GeV inferred by the requirement for marginally fast cooling solutions, the emitting radius in equation (18) is quite large but still marginally consistent with upper limits implied by the deceleration radius (R 10 17 cm).
In equation (18) we have assumed that Γ em Γ b , which effectively suggests relativistic motion in the bulk frame. If this is not the case, and instead Γ em = Γ b , then the lower limit on the LF of the emitting material as given by equation (17) would lead to a very large lower limit on the radius: t v,0.5 cm.
As mentioned above, these values are inconsistent with upper limits implied by the deceleration radius (even when redshift corrections are applied). This consideration, together with the estimates of Γ em above lead us to conclude that Γ em Γ b is required, and therefore that relativistic motion in the bulk frame is inevitable unless the energy per particle is unrealistically large: E > 10 3 GeV. We show below ( §2.6) that values of E 700GeV (in models involving an acceleration of a significant fraction of the electrons) are in fact inconsistent with the synchrotron models considered in this paper, as they would lead to excess IC emission and cooling. Furthermore, as will be shown in §3.1, in magnetic reconnection models there are two additional independent considerations that both reach the same outcome of relativistic motion in the bulk frame.
Optical depth of the emitting region and Synchrotron self-Compton
The conditions required to account for a balanced heating synchrotron model for GRBs' prompt emission discussed in §2 impose constraints on τ, the optical depth of the emitting region to Thomson scatterings. τ can be related to the comoving electron number density, n , of the emitting region via (Abramowicz, Novikov & Paczynski 1991) 
where the integral is over the length of the emitting region and we have used Γ em 1. Using the constraint for Γ em in equation (17), we use equation (9) to obtain γ s (equation (26) 
With this, the corresponding optical depth is then τ = 6 × 10 
Clearly τ 1 for any reasonable value of E GeV . This leads to important conclusion, that if there is also a photospheric component present in GRBs' prompt emission, it cannot originate from the same location as the synchrotron emission in the balanced-heating models considered in this paper.
The optical depth can also be related to the Compton-Y parameter, which in the Thomson regime is given by 
Since typically γ s hν p > Γ em m e c 2 , Y Th may be further suppressed due to the Klein Nishina effect. Assuming marginally fast cooling, where the slope of F ν below the peak is ν 1/3 (see discussion in §4.2), this suppression factor can be approximated by (Ando, Nakar & Sari 2008) :
= min 0.16 (23) and (24) GeV.
When this condition is satisfied, the assumptions that synchrotron dominates the energy release rate and the observed emission are indeed self-consistent.
Resulting constraints on the energy per particle and particles' LF
Combining the value of γ s as implied by equation (9) with the estimate of Γ em given by equation (17), we find .
Plugging this back into equations (10) and (11) we can rewrite the limits on the minimal allowed energy per particle, the corresponding electrons' (maximal) LF and the (minimum) allowed value for the magnetic field: G.
Given the upper limit on the energy per particle implied by equation (25), we find that the energy per particle (and therefore also the typical LF and the magnetic field) has a range of roughly one and a half orders of magnitude, 20 E GeV 700, in which it can account for balanced heating synchrotron solutions, as discussed in this paper (the allowed parameter ranges are increased somewhat if we allow for 0.1 < γ c /γ s < 1 as discussed in §2.3).
MAGNETIC RECONNECTION MODELS
Motivated by the large energy per baryon required by continuous heating or marginally fast cooling models (see §2.4), we consider here specific constraints for magnetically dominated jets. We focus here on emission from plasmoids, quasispherical regions of plasma that have strong magnetic fields and highly energetic particles. These are expected to be the main sources of emission in reconnection models. Such a model has been applied to account for the observed fast flares from blazar jets from active galactic nuclei (e.g., Giannios 2013; Petropoulou, Giannios & Sironi 2016) . Previous studies have suggested that these plasmoids could be moving relativistically compared to the bulk frame, as indeed implied by §2.5. 2 We assume in the following derivation that ζ K N ≤ 1 applies. The dependence on parameters changes slightly if this is not the case, but the typical energies are similar. Petropoulou, Giannios & Sironi (2016) assume that the particles are accelerated instantaneously once they are injected in the plasmoid. Here, we also consider the possibility that the particles can undergo a slower injection of energy, or "heating", while they reside in the plasmoid during major merger events. We assume here that a pulse in the GRB light-curve arises from the merger of two plasmoids. Naturally, the most luminous pulses will correspond to the merger of some of the largest plasmoids. When two large plasmoids merge into one, the whole structure relaxes to a new MHD equilibrium. This equilibrium is reached after an Alfven crossing time, which up to a numerical factor of order 3 is of the order of the light-crossing time. This is also the time during which the energy is released. Such a merger could excite Alfvenic turbulence, which dissipates energy and heats up the electrons until they reach a LF, γ s , where the synchrotron cooling is balanced by heating (see, e.g., Thompson 1994) .
Magnetic reconnection simulations find that plasmoids grow in size with velocity v g ≈ 0.3c (e.g., Guo et al. 2015; Liu et al. 2015) . Furthermore, the conditions in the plasmoid can be approximated by B = 1, e = 0.2 (Sironi, Petropoulou & Giannios 2015) . As will be shown below, these values constrain the degree of relativistic motion in the bulk frame as well as the power-law distribution of accelerated electrons.
Relativistic motion in the bulk frame
We have seen in §2.5 that the observed luminosity constrains the LF of the emitting material, Γ em . The large required values of Γ em , suggest relativistic motion of the emitting material in the bulk frame, with
Here we show that Γ is strongly restricted by the available Poynting luminosity of the jet, L B . The (isotropic equivalent) Poynting luminosity of the jet at a radius R is given by:
where B b is the magnetic field in the bulk frame. Since this is the source of energy that feeds the emitters, we must have that L B L rad . Furthermore, since the 'filling factor' of GRB light-curves is of order unity (i.e. there are no prolonged episodes where the luminosity dips below the values typically seen during the γ-ray pulses), we conclude that L rad ≈ 1 2 L rad . At the same time, efficiency considerations impose an upper limit on L B . Requiring an efficiency 0.1, then L B 5L rad . We define a dimensionless parameter C L ≡ L B /L rad . The considerations above imply 0.5 C L 5.
As shown above, equation (18) puts a lower limit on the emitting radius for the case of a spherical geometry. At the same time, the radius cannot be much larger, as the prompt emission radius must be smaller than the deceleration radius. Furthermore, the same expression equals (rather than just providing a limit on) the emitting radius for the case of planar geometry (see equation (A.5)). We can thus once more define a dimensionless parameter C R ≥ 1, which represents the emission radius in units of
Putting all of this together and making use of equations (17), (30), (31) we have
.
Magnetic reconnection models suggest that plasmoids are accelerated in parallel to the original orientation of the reconnecting field lines. This implies that the magnetic field of the emitters as seen from the bulk is not relativistically boosted as compared with the field in the emitters' frame. Pressure balance between the plasmoids and their surroundings then implies that B b ≈ B em . Using this value, as well as
An additional constraint on Γ and E can be obtained by considering the magnetization in the upstream of the emitting region. Since E is the energy per electron in the emitters' frame, Γ E is the energy in the bulk frame and thus equation (15) is re-written as
Motivated by results of analytic models and PIC simulations of magnetic reconnection, we relate Γ to the magnetization as Γ = σ n up , with 0 ≤ n ≤ 1. For n = 0 this parametrization reduces back to the case of no relativistic motion in the bulk frame, while reconnection models suggest that n may be as large as 0.5 (Lyubarsky 2005) . We consider some representative values for n below. We now use equation (33) to relate Γ to E GeV and plug the results into equations (17) for n = 1/2 (35)
for n = 1/4
and therefore: for n = 1/2 (36) for n = 1/4.
These results are consistent with the lower limits on E GeV implied by the requirement on marginally fast solutions ( §2.7) and with the upper limits implied by requirements on the IC cooling ( §2.6). Interestingly, for n = 1/4, we find Γ ≈ 10. These limits on Γ are consistent with the independent constraints imposed by equation (32) for n = 1/4.
We explore the implication of these large values below.
Particle energy distribution
So far our analysis assumes that the power-law distribution of the radiating particles is such that a characteristic Lorentz factor γ e dominates both in terms of the total particles' energy and number. This is a common expectation in shocks where p > 2. However, for the extreme magnetization σ up inferred for the jet (see §2.4), this assumption is likely to break down. In this Section, we explore the implications of this decoupling. PIC simulations of reconnection find that the slope of the electrons' LF distribution, p, depends sensitively on σ up (Sironi & Spitkovsky 2014; Kagan et al. 2015; Guo et al. 2015; Werner et al. 2016 ). These simulations find that for σ up 10, the spectra become hard, with p < 2. For 1 < p < 2, the number of electrons is dominated by the lowest LF electrons, γ min , while the total energy instead is dominated by the highest energy LF electrons, γ max . This means that the LF γ e associated with the energy per particle (equation (1)) is smaller than the LF of particles contributing to the peak of the emission, which for instantaneous acceleration is at γ i = γ max . Assuming γ max γ min , we can rewrite equation (2) as
Assuming γ min ≈ 1 as the most extreme case (motivated also by PIC simulations), we obtain
As an example, for p ≈ 1.5 (as found in simulations for σ up ≥ 50), equation (39) reduces to γ i = γ 2 e . Since the energy is dominated by particles with γ i that are a small fraction of the total number of particles, they must be accelerated to larger energies as compared with the p > 2 case (where γ i = γ e , see equation (2)) in order to achieve the same energy per particle. This also implies that in order to achieve a balance between heating and cooling rates, the heating rate of these particles is increased by γ i /γ e as compared with equation (7). The result is:
which for p = 1.5 simplifies to:
This leads to a decrease of the minimum allowed energy per particle (E tr ) and the corresponding LF (γ tr ) for balanced heating solutions. Their new values are (for p = 1.5): 
The reduced values of γ s (as compared with p > 2) lead to stronger values of the magnetic field, and therefore reduce the estimate of Γ em given by equation 17 (for p = 1.5):
Combining this with E Γ ∝ σ up (equation 33), Γ = σ n up and equation (30) for n = 1/2
for n = 1/4 (45) and: for n = 1/4.
These values are consistent with the condition E GeV ≥ E tr .
In addition, they demonstrate that even for p ≈ 1.5, the plasmoids are expected to be moving at least mildly relativistically in the bulk frame. It is interesting to note that these values of E, Γ , n correspond to 31 σ up 45 which is indeed consistent with the value of p ≈ 1.5 assumed here. One concern with this scenario however, is that due to the increased energy density implied for a given E as compared with the case of p > 2, the required E in order for IC cooling to be sub-dominant to synchrotron (equation (25)) is reduced. Following the same procedure described in §2.6 for p > 2 (but using the revised values for γ s , Γ em appropriate for p = 1.5) we find GeV.
These values are considerably smaller than the equivalent limits for p > 2 although still consistent with the energies implied by equation (45), assuming n ≈ 1/2. An additional limit on the electrons' LFs, γ s , is obtained by equating the Larmour acceleration time with the energy loss time due to synchrotron (de Jager et al. 1996) 3 :
Since these values are more than an order of magnitude above γ tr (given by equation (42)) and since balanced heating solutions have γ s < γ tr , the Larmour limits are consistent with the picture presented here.
DISCUSSION

Shorter heating times
Consider a variant on the slow heating model presented in this paper where each particle undergoes heating for only a fraction α ≤ 1 of t v . This scenario implies that particles experience a balance between heating and cooling for a time αt v , after which acceleration ceases and they spend the rest of the dynamical time in fast cooling conditions. Even though the particles maintain a balance between heating and cooling for only a small part of the dynamical time, the overall spectrum emitted by those particles will resemble a slow cooling slope rather than a fast cooling one. The reason is that the overall energy emitted by the particles is E, while at the end of their heating they have a LF γ s and, as can be seen by figure 1, for slow heating solutions γ s m e c 2 E. Thus, although the particles may spend a large amount of time in fast cooling conditions, only a small portion of their total emitted energy is released at this stage. These shorter lived 'balanced heating' conditions can therefore satisfy the requirement on the low-energy spectral slope while maintaining a large efficiency. It is thus interesting to consider how it can affect the results presented in this paper.
In order to obtain the same energy per particle, E, the heating rate, h , is increased by α −1 as compared with equation (7), while the cooling rate given by equation (8) remains the same. The result is that γ s is reduced by α 1/2 and E tr , γ tr are both reduced by α 1/3 as compared with their values for the slow heating case given by equations (10) and (11). Faster heating also reduces somewhat the constraint on Γ em obtained by equation (17):
At face value, it would seem that α 1 could thus mitigate the requirement on relativistic motion in the bulk frame. However, solutions with α 1 require very strong magnetic fields B(γ s ) ∝ α −1 , and as a result correspond to a huge Poynting luminosity. Assuming B b = B em (see 3.1) and taking the minimum allowed radius as implied by variability (equation (18); results become more constraining for larger radii) we obtain that L B ∝ R 2 B 2 ∝ α −4/3 while L rad is unchanged. Therefore, balanced heating with small values of α will lead to extremely inefficient bursts with L B L rad . Assuming L B < 5L rad , we find that α 0.3. We conclude that balanced heating solutions require a heating time that is not much smaller than the dynamical time.
Spectral shape
We have discussed in this work the characteristic energies of the particles that contribute to the peak of the γ-ray emission regardless of the specific particle acceleration mechanism. The considerations that we made here are generic requirements on a synchrotron signal such that it would not result in a strongly fast cooling spectrum (which will be in strong contradiction with observations). The exact shape of the spectrum however, could still be affected by the details of the particle acceleration mechanism. The effects of slow heating acceleration mechanisms on the particle spectrum have been discussed in the literature by various authors (e.g., Asano & Terasawa 2009; Brunetti & Lazarian 2016; Xu & Zhang 2017 ). We refer the reader to those papers for a more in depth discussion of how acceleration can modify the particle spectrum.
A major consideration regarding the acceleration mechanism, has to do with the rate at which particles of different energies are energized. Since the energy loss rate via synchrotron (as well as in IC if the Klein-Nishina effect can be neglected) scales as P cool ∝ γ 2 , this implies that in order for energy balance to hold for particles of all energies, one should also have P heat ∝ γ 2 . This condition may be difficult to obtain in practice. This is because in Fermi type II acceleration, the energy gain rate scales as P heat ∝ D/γ, where D is the diffusion coefficient. D is then expected to scale as γ n with n = 2 for small scale MHD turbulence, n = 5/3 for Kolmogorov turbulence, or at the limit of fastest acceleration, or n = 1 for strong turbulence (also known as the Bohm limit). The energy gain rate is therefore expected to be constant or decreasing with γ and either way is softer (as a function of γ) than P cool . The implication is that if energy balance is maintained for particles with γ ≈ γ s , then particles with an initial LF γ < γ s will heat faster than they cool, while particles with γ > γ s cool faster than they heat. This would lead to an eventual bunching up of particles around γ s . Furthermore, this demonstrates that in order to initially accelerate particles to γ > γ s , there must, in fact be two distinct acceleration processes taking place. The first, creating the dN/dγ ∝ γ −p distribution on a short time-scale, and the second, slowly heating the electrons such that cooling balances acceleration at γ = γ s . If the initial acceleration process is not present, no particles will reach γ > γ s , and the spectrum would cut-off sharply beyond the sub-MeV peak, contrary to observations.
As particles above γ s (assuming that such particles exist, i.e., that p > 2) are essentially in fast cooling conditions, their cooling would result in a spectrum F ν ∝ ν −p/2 for ν > ν syn (γ s ) (where p is the slope of the initial particle spectra). This is similar to the spectrum from instantaneously accelerated electrons radiating at ν > max(ν m , ν c ). Particles with γ γ s will heat up to γ s over a dynamical time-scale. Since the heating rate is a decreasing (or at most flat) function of the electrons LF, electrons starting at γ γ s will spend a short time (compared to t v ) at their initial LFs. As a result most of the emission from these electrons will take place after they reach γ ≈ γ s . Therefore, at the synchrotron frequencies corresponding to γ ≈ γ s , the spectrum will be dominated by the classical F ν ∝ ν 1/3 contribution of electrons at γ ≈ γ s . As γ approaches γ s the ratio of the heating to the dynamical time becomes closer to the unity, and the emitted spectrum becomes slightly softer than ν 1/3 . The softness of the spectrum in this range is always limited however by
which is the slow cooling spectrum emitted by a stationary (unheated) distribution of the type dN/dγ ∝ γ −p .
Comparison to other studies
We have focused in this work on the required conditions at the emitting region needed to account for marginally fast cooling of the γ-ray emitting electrons via synchrotron. This topic has been studied in the literature by different authors (e.g., Ghisellini & Celotti 1999; Kumar & McMahon 2008; Daigne, Bošnjak & Dubus 2011; Beniamini & Piran 2013 . These studies can be divided into three groups. First, e.g., Ghisellini & Celotti (1999) ; Pe'er, Mészáros & Rees (2006) ; Giannios (2008) discussed continuous heating in the context of photospheric models, where the electrons are sub or at most mildly relativistic. At these conditions, synchrotron photons are self absorbed and the emission is dominated by multiple IC scatterings of the synchrotron seed. The second group of studies consider general synchrotron models (Kumar & McMahon 2008; Beniamini & Piran 2013 . In these, if the acceleration is instantaneous, the resulting parameter space is characterized by a large radius (R ≈ 6×10 16 cm), a large Lorentz factor of the emitting material (Γ em ≈ 2000), a large electrons' LF (γ e ≈ 10 5 ), and weak magnetic fields (B em ≈ few G). Introducing re-acceleration, increases the required magnetic field and therefore reduces somewhat γ e . These results are consistent with the parameter ranges found in the current study. Furthermore, since the required number of electrons is significantly decreased in this case (since it scales as f −1 and f 1), the implied energy per electron associated with these solutions is larger than for the instantaneous case. This, as well, is consistent with the findings reported here (although the formulation of the problem was quite different in the earlier studies). The third group of studies (Daigne, Bošnjak & Dubus 2011) and section 4 of Beniamini & Piran (2013) , also considered synchrotron solutions, but specifically in the context of internal shocks. In this case, since the jet is baryonic and the energy per electrons is 0.2GeV (same as equation (15) but for σ up → 1), slow heating conditions are not possible unless only a small fraction of the electrons ξ 10 −2 are accelerated to relativistic energies by the shock. Since these conditions are not supported by PIC simulations of acceleration in shocks which demonstrate that practically all electrons undergo heating behind the shock front (Sironi, Keshet & Lemoine 2015) (as well as in reconnection, see Sironi, Petropoulou & Giannios 2015) , we have assumed that ξ = 1 in the current work.
CONCLUSIONS
The synchrotron mechanism has been widely discussed for the prompt phase of GRBs. Previous studies have shown that the physical conditions at the emitting region typically lead to the electrons cooling via synchrotron on a very short time-scale (as compared with the dynamical one). This results in a low-energy spectral slope that is in strong contention with observations. This problem may be overcome if the electrons' energy losses due to synchrotron are balanced by a continuous source of heating, leading to 'marginally fast cooling' electrons (ν c ≈ ν m ). Here we revisit the model and derive some general constrains on any synchrotron model based on basic observed properties of GRBs: the characteristic sub-MeV energy where the emission peaks, the hardness of the slope below the peak, the characteristic luminosity and the variability time-scale of GRBs.
If the peak emission is dominated by the majority of the particles (as expected in shock models or low σ reconnection), the emitting region has to be characterized by Γ em 3000, well in excess of what is inferred for the bulk jet motion from afterglow modeling. Several independent constraints indicate that emitters have to be characterized by fast motion (Γ ∼ 10) in the rest frame of the jet and that, at the emitting region, the jet must be in the high-σ regime (where the energy per electron can reach E 20GeV). In such a regime, the particle distribution is hard so that most of the energy is injected in a minority of the particles and the constraints on the bulk motions are somewhat relaxed. Synchrotron-only models work for R > 10 16 cm, σ ∼ 30 − 50, Γ ∼ several.
These results can be used as a basis for future PIC simulations of magnetic reconnection in GRBs. Since simulations are extremely computationally demanding, this work may prove to be critical to narrow down the possible parameter space that could lead to the observed properties of GRBs.
APPENDIX A: PLANAR GEOMETRY
In the main text, we considered emitting regions that are quasi-spherical in the co-moving frame. Here, we now consider the case of planar geometry. We assume that emission arises from material in a shell moving radially away from the explosion centre with a Lorentz factor Γ b . Planar geometry implies the source has an angular size (in the comoving frame) R/Γ b (where R is the radial distance from the centre of explosion). The shell has a thickness ∆ and is emitting while it is traversing between R 0 and R f . We assume in what follows that the thickness is set by causality ∆ ≈ R f /(2Γ em Γ b ) (see Appendix B). Under these assumptions, the time it takes the shell to cross the acceleration region, the angular time-scale (the difference between arrival time of photons emitted at different angles towards the observer) and the observed variability time-scale are all directly related:
The final time-scale in the problem is the expansion timescale, the time it takes any portion of the bulk to traverse between R 0 and R f . This time (converted to the observer frame) is smaller or equal to the former scales:
t exp is also the heating and (assuming marginally fast cooling) the cooling time-scale. To summarize: t c = t h = t exp ≤ t cr = t ang = t v . We can now estimate the luminosity arising from the shell. In the co-moving frame, the maximum volume of particles heated during the acceleration front's crossing time is then ∆ π(R/Γ b ) 2 . In this frame, the emission lasts over a period t exp . The observed luminosity is then at most Once more, we take the magnetic field as implied by the condition of marginally fast cooling B = B(γ = γ s ), but accounting now for the possibility that the heating/cooling are done on a time-scale that is shorter than t v by a factor R f /∆R. This yields an estimate of the Lorentz Factor This is the same as equation (17), except for the dependence on c/v g and ∆R/R f . ∆R/R f is limited by observations of pulse asymmetry in GRBs. Since with no relativistic motion in the bulk frame, t rise /t decay = ∆R/R f (Beniamini & Granot 2016) , observations of t rise /t decay = 0.3 − 0.5 (e.g., Nemiroff et al. 1994; Quilligan et al. 2002; Hakkila & Preece 2011) limit ∆R/R f to the same ratio. Thus, once more we find that unless E GeV is very large Γ em Γ b is required.
Due to the planar geometry, the emission radius is now determined by equating the observed variability with the angular time-scale (as opposed to the similar expression in equation (18) A slightly different set-up, applicable for instance to internal shocks, is that instead of there being a shell passing through a fixed range of radii where heating occurs, there is an acceleration front (e.g. shock) that passes through the material with a velocity v g < c and triggers emission. This set-up is the 1D equivalent to the spherical geometry discussed in §2.5. The only difference from the case discussed above is that t cr is increased by c/v g . This ends up increasing the value of Γ em by (c/v g ) 1/3 > 1 as compared with equation (A.3), and makes the argument for relativistic motion in the co-moving frame even more restrictive. Note that since, for shocks, we expect v g = c/ √ 3, the quantitative difference in the Γ em limits between this case and the previous one, is rather small.
APPENDIX B: THICKNESS OF EMITTING SHELL IN PLANAR GEOMETRY
